In controlling life-threatening ventricular arrhythmias by pharmacological means, two major approaches, namely, slowing conduction (class I effects) and delaying repolarization (class III effects), by class III actions. However, neither of the two available oral class III agents-amiodaronel5 and sotalol16,17-solely prolongs refractoriness without exerting other pharmacologic effects. Amiodarone prolongs the action potential duration (APD) but also slows fast sodium channel-mediated conduction18 and has noncompetitive antiadrenergic actions19 and calcium channel-blocking effects,20 whereas sotalol is a nonselective f-blocker. 21 The question has therefore arisen whether "pure" or isolated prolongation of myocardial refractoriness may provide a new, simpler, and more specific treatment of cardiac arrhythmias. 22 Sematilide hydrochloride (Berlex Laboratories, Wayne, NJ) is a recently synthesized methysulfonylamino parasubstituted analogue of procainamide that has been shown to have class III activity in isolated cardiac tissues and intact animals. [23] [24] [25] [26] [27] [28] [29] [30] [31] It has been demonstrated to be a blocker of the delayed rectifying potassium current (IK), [28] [29] [30] and preliminary in vitro studies suggest that IK block is voltage independent.30 In addition, sematilide is devoid of effects on sodium channels,28-31 has no autonomic interactions, 30 and is effective in controlling experimental ventricular arrhythmias in animal studies.25'2 However, its electrophysiologic profile has not been established in humans.
The purpose of this prospective investigation was to define the electrophysiologic profile, antiarrhythmic efficacy during electrophysiologic study, and safety of sematilide HCl when evaluated in patients with sustained clinical ventricular tachycardia, ventricular fibrillation, or syncope secondary to ventricular tachycardia.
Methods

Patient Population
Patients were considered for entry into the study if they had (1) ventricular tachycardia, ventricular fibrillation, aborted sudden death, or syncope secondary to ventricular tachyarrhythmias; and (2) inducible sustained monomorphic ventricular tachycardia or, in patients with clinical cardiac arrest or ventricular fibrillation, inducible sustained polymorphic ventricular tachycardia or ventricular fibrillation during baseline drug-free electrophysiologic study. Exclusion criteria were unstable angina, myocardial infarction within 1 month or a sustained ventricular tachyarrhythmia occurring only in the setting of an acute myocardial infarction, class IV congestive heart failure or left ventricular ejection fraction of less than 0.20, creatinine clearance less than 55 mL/min, second-or third-degree atrioventricular block or severe symptomatic sinus node dysfunction, amiodarone therapy within the previous 3 months, or baseline QTc of more than 450 ms.
Study Protocol
Patients were admitted to a telemetry ward with continuous ECG monitoring, and all antiarrhythmic agents, including 3-blockers, were discontinued for at least five half-lives for these agents. Twenty-four-hour ECG ambulatory monitoring was performed on the day before each electrophysiologic study. This investigation was approved by the West Los Angeles VA Medical Center Human Investigation Committee. All patients gave written informed consent.
Patients with inducible sustained ventricular tachyarrhythmias (see below) during baseline electrophysiologic study underwent serial electropharmacological testing. Sematilide was the first pharmacological agent evaluated by electrophysiologic study in 21 patients and the second drug in the remaining six patients. The initial dose of sematilide HCl in the first 3 patients was 75 mg orally every 8 hours, and the remaining 24 patients were started on 100 mg orally every 8 hours. After six doses of 75 to 100 mg, the sematilide dose was increased to 125 to 150 mg orally every 8 hours, and a repeat electrophysiologic study was performed after steady state was achieved (more than 48 hours; the elimination half-life is approximately 8 hours). Patients with creatinine clearance of more than 70 mL/min were increased to 200 mg every 8 hours if they had inducible ventricular tachycardia on the lower dose. Sematilide was discontinued if the QT interval increased to 550 ms or more than 25% of baseline, patients had a fivefold increase in nonsustained ventricular tachycardia runs, or new sustained ventricular tachycardia, ventricular fibrillation, or torsade de pointes developed and was thought to be secondary to drug-induced effect.
Electrophysiologic Study
Electrophysiologic study was performed in the baseline drug-free preabsorptive state 6 to 8 hours after the last dose of steady-state sematilide dosing. Two quadripolar 6F catheters (5-mm spacing; USCI, Billerica, Mass) were placed via a femoral vein in the high right atrium and across the tricuspid valve to measure the His bundle electrogram. In addition, either a quadripolar catheter or a 7F catheter with two platinum ring electrodes for pacing (located 2 mm from the tip) and a pair of Ag-AgCl2 electrodes (at the distal tip and 5 mm proximal from the tip) (EP Technology, Palo Alto, Calif) for recording of the right ventricular monophasic action potential were placed at the right ventricular apex. This catheter allows determination of both the ventricular effective refractory period and the monophasic action potential at the same location.32 Pacing Protocol
All pacing was performed at twice the diastolic threshold and a pulse width of 2 ms using a programmable stimulator (Bloom Inc, Reading, Pa). Sinus node recovery time was determined following continuous atrial pacing at increasing rates for more than 1 Responders and a subgroup of partial responders were enrolled in long-term outpatient therapy with sematilide and were followed in the outpatient arrhythmia clinic at 2 weeks, 6 weeks, 3 months, and every 3 months thereafter.
ECG Analysis
The morning resting surface ECG was evaluated for changes in PR, QRS, QT, QTc, and JTc intervals. The QT interval was corrected using Bazett's formula, 35 
Patient Population
Twenty-seven patients were enrolled in this study. All were men, and mean age was 58±10 years. The presenting arrhythmias included sustained ventricular tachycardia in 13 patients and out-of-hospital cardiac arrest in 2. The remaining 12 had syncope; the maximum clinical arrhythmia in these patients was nonsustained ventricular tachycardia (10 patients) and frequent premature ventricular complexes (1 patient). The cardiac diagnoses included a history of myocardial infarction (17 patients), idiopathic dilated cardiomyopathy (5 patients), valvular heart disease (2 patients), coronary artery disease (1 patient), hypertensive heart disease (1 patient), and no known structural heart disease (1 patient). Mean left ventricular ejection fraction was 0.35±0.12 (range, 0.20 to 0.68). The patients had been previously treated with a median of 1.6 (range, 0 to 7) antiarrhythmic agents before entry into this study. Sematilide was the first drug tested during electrophysiologic studies in 21 patients and the second drug tested in the remaining 6 patients.
The maximum doses of sematilide (every 8 
ECG Effects
Sinus rates and PR intervals could not be evaluated in three patients because of atrial fibrillation (Table 1) .
Sematilide significantly increased the sinus cycle length by 8% and the QT, QTc, JT, and JTc intervals by 8% to 17%. There was no significant effect on PR or QRS intervals.
Twenty-four-Hour Ambulatory Monitoring Effects
Twenty-one patients had paired 24-hour ambulatory monitoring at drug-free baseline and on the dose of sematilide tested at electrophysiologic study ( Table 2) .
The absolute number of premature ventricular complexes per 24 hours was decreased by 58% during sematilide administration (P=.003). Only 5 of 21 patients (24%) with paired recordings had their premature ventricular complexes suppressed by 80% or more. There also was a significant reduction after sematilide in runs of nonsustained ventricular tachycardia and nonsignificant trends for reductions in ventricular couplets and slowing of nonsustained ventricular tachycardia in patients who had these arrhythmias on their baseline monitoring.
Electrophysiologic Effects
All patients had baseline electrophysiologic studies, and 25 of the 27 patients underwent electrophysiologic study while on sematilide (Table 3) . One patient developed apparent proarrhythmia (described below), and another patient (described below) had excessive QT prolongation (as defined by our protocol); thus, sematilide was discontinued before electropharmacological study in these 2 patients (see adverse events).
During the electrophysiologic study, sematilide did not significantly affect the corrected sinus node recovery time, Wenckebach cycle length, or PA or HV intervals. The AH interval increased by 37% at a paced cycle length of 500 ms but was not significantly prolonged at the other cycle lengths tested (P=.14 to .21). The atrial effective refractory period increased by 11% (P=.013) at a paced atrial cycle length of 600 ms but was not significantly increased at cycle lengths of 500 or 400 ms (P=NS and .054, respectively). In the relatively small number of patients examined (n=7 or 8), sematilide prolonged the atrioventricular node effective refractory period by 20 to 22%. The right ventricular apex effective refractory period was prolonged by 11 6 .6%) at paced cycle lengths of 600, 500, 400, 350, and 300 ms, respectively. Sematilide-induced prolongation of the ventricular effective refractory period was greater at longer than at shorter paced cycle lengths (repeated-measures ANOVA, P<.05).
There were no changes in the QRS duration at baseline or after sematilide at any paced cycle length (Fig 2) . Similarly, sematilide had no effect on the * SamnuDE ventricular effective refractory period-to-APD90 ratio o sE K compared with baseline (Fig 2) . 
Adverse Effects
Two patients developed a protocol-defined adverse effect at the first dose level (100 mg every 8 hours) tested. One patient had QT prolongation from 410 to 520 ms without any evidence of clinical proarrhythmia. The other patient developed frequent runs of pausedependent asymptomatic nonsustained ventricular tachycardia of 5 to 7 beats in duration. His QT interval was prolonged more than 25% from 410 to 520 ms. Sematilide was stopped, and the arrhythmia resolved without further therapy. Two other patients developed nausea (one also had dizziness and distal upper extremity decreased sensation bilaterally) after an increase to a higher dose level (150 and 200 mg in each patient), whereas another patient developed asymptomatic QT prolongation (QT=560 ms without proarrhythmia) after sematilide was increased to 200 mg every 8 hours.
No patients developed new congestive heart failure or worsening of preexisting congestive heart failure during the inpatient phase.
Outcome on Oral Therapy
Eight of the 25 patients who underwent electrophysiologic study while on sematilide were discharged on the medication. During a mean follow-up period of 7.0±7.5 months of sematilide therapy, 2 patients taking sematilide died of presumed tachyarrhythmic causes, and another patient developed recurrent sustained ventricular tachycardia after 17 months of sematilide therapy (all were full responders). The latter patient, although successfully resuscitated, died 10 hours after hospital admission from bradyarrhythmic electromechanical dissociation. An autopsy was not performed, and a myocardial infarction was not definitively excluded. One of the other patients who died had a left ventricular ejection fraction of 0.25 and history of syncope. He was unexpectedly found dead at home after 2 weeks of sematilide therapy, and his death was attributed to arrhythmia recurrence. The other patient had valvular heart disease and congestive heart failure. A 24-hour ambulatory ECG performed 2 days before his death revealed very frequent (41 runs per hour) 3-22 beat runs of monomorphic nonsustained ventricular tachycardia. While in the emergency department with pulmonary edema, he developed a witnessed episode of sustained ventricular tachycardia and was promptly cardioverted to asystole. Resuscitative effects were unsuccessful. Thus, it is uncertain whether the patient had primary proarrhythmia causing his congestive heart failure to worsen and his eventual death or if the frequent ventricular ectopy was the result of decompensated congestive heart failure. There were no other episodes of ventricular tachycardia recurrence, syncope, or nonsudden death in the patients receiving sematilide.
Nineteen patients followed for 16.8±7.3 months were not treated chronically with sematilide: 11 received amiodarone, 4 were treated with an implantable cardioverter-defibrillator, 1 no longer had inducible sustained ventricular tachycardia after coronary artery bypass grafting and was not treated with antiarrhythmic therapy, and 3 patients were treated with procainamide or quinidine. During follow-up, 2 patients died suddenly, 1 died of congestive heart failure, 1 patient had recurrent sustained ventricular tachycardia, and 3 patients had appropriate implantable cardioverter-defibrillator discharges. Another patient, whose sematilide was discontinued at the discretion of his attending physician, was placed on amiodarone and died suddenly 4 weeks later. LVEF indicates left ventricular ejection fraction; LVEDD, left ventricular end-diastolic dimension; LVESD, left ventricular end-systolic dimension; PVC, premature ventricular contraction; and VERP, ventricular effective refractory period. All electrophysiologic measurements are in ms except for the corrected QT., which is in ms'2.
Discussion
Electrophysiologic Profile
This study demonstrates that in humans, sematilide exerts selective class III effects in the ventricle. It significantly prolonged the ventricular effective refractory period and APD90 without exerting any demonstrable sodium channel-blocking effects. Sematilide did not alter ventricular conduction time as measured by QRS duration, HV interval, or ventricular effective refractory period-to-APDIO ratio. The lack of a change in the ventricular effective refractory period-to-APD90 ratio by sematilide indicates that sematilide-induced prolongation of refractoriness is secondary to prolongation of the APD and not to delay in recovery of sodium channels independent of the APD changes. Thus, the overall electrophysiologic findings in humans are in accord with the results of in vitro and in vivo animal studies,25-31 indicating that the dominant and selective effect is on cardiac repolarization.
Sematilide slowed the sinus rate, increased the atrioventricular nodal effective refractory period, and tended to prolong the atrial effective refractory period. These findings suggest that the drug might lengthen APD in the human sinoatrial and atrioventricular nodes and in the atria. This is supported by data in isolated rabbit sinoatrial nodal tissue.28 These effects suggest that the drug may be useful in certain supraventricular arrhythmias and is likely to exert antifibrillatory actions in atrial fibrillation. The focus of this study, however, was on ventricular arrhythmias.
Frequency-Dependent Effects
Hondeghem and Snyders38 recently pointed out the opposite frequency-dependent effects of class I agents on the maximum rate of depolarization (Vm,) and of class III agents on myocardial repolarization. Although in the case of sodium channel blockers, the effect on Vmax is augmented as the stimulation frequency increases,8,39 the degree of lengthening of the action potential duration by class III agents (eg, sotalol),4041 n-acetylprocainamide38) decreases at increasing pacing rates. This attenuation of drug-induced APD prolongation during short cycle lengths has been termed reverse frequency-dependence.38,42 The reverse frequency-dependence of many class III agents may be secondary to (1) preferential drug binding to outward current potassium channels in the resting state with less binding during short cycle lengths because of the shortened diastolic interval. This is unlikely given the increasing data that IK blockers bind to the open channel and that 'K block is frequency-dependent.22 '43-46 The reverse frequency-dependence may also be secondary to (2) extracellular potassium accumulation at short cycle lengths that increases the conductance of other potassium currents (eg, the inward rectifier, IK1)47'48; (3) drug block of multiple channels with varying effects at long and short cycle lengths; and (4) block of the rapidly activating component of the delayed rectifier (IKr) with incomplete deactivation of the slowly activating component of IK (IK) at rapid rates with subsequent increased outward currents.49 Such a reverse frequency-dependent effect on repolarization was exhibited by sematilide in our study. The drug increased the APD and ventricular effective refractory period to the greatest degree during slow ventricular pacing (cycle lengths of 500 to 600 ms), and such increases were significantly attenuated at short ventricular cycle lengths (300 ms). In addition, ventricular refractoriness followed a similar curve to that of the ventricular APD. Similar results in animals have been reported with the new class III agent dofetilide (UK68798).50 Effects on Ventricular Arrhythmias
Our data indicate that isolated or selective prolongation of ventricular APD and refractoriness was the crucial determinant of efficacy of sematilide in preventing the induction of sustained ventricular tachycardia. While the ability to suppress inducible ventricular tachycardia during premature ventricular stimulation and to prevent ischemia-induced ventricular arrhythmias has been demonstrated in animal models with sematilide25'26 and agents with similar electrophysiologic effects,40'50 this is the first report describing ventricular antiarrhythmic effects of a "pure" class III agent in humans. In our study, 28% of the patients had their inducible sustained ventricular tachycardia completely suppressed and an additional 16% had a partial response (ie, inducible nonsustained ventricular tachycardia of more than 15 beats). In patients who continued to have inducible sustained ventricular tachycardia while on sematilide, the ventricular tachycardia cycle length was modestly, but significantly, increased.
We found no effects of sematilide on conduction velocity; thus, it is probable that suppression of inducible ventricular tachycardia and the increase in observed ventricular tachycardia cycle length were secondary to increases in ventricular refractoriness. However, it is possible that an agent that solely prolongs refractoriness may still slow conduction within a reentrant circuit if the leading edge of the circulating impulse encroaches on tissue from the previous cycle that is still within the relative refractory period. The finding that the tachycardia cycle length increased secondary to increases in refractoriness is consistent with the recent observation that amiodarone-induced prolongation of the ventricular tachycardia cycle length was directly (and significantly) related to ventricular effective refractory period prolongation by amiodarone but not to changes in conduction velocity (ie, sodium channel activity). 51 The reverse frequency-dependence of selective type III agents has resulted in some investigators questioning their usefulness for the treatment of patients with ventricular arrhythmias. For example, Hondeghem and Snyders38 have raised the issue that because class III agents have a diminution of their electrophysiologic effects (ie, APD prolongation) at the short cycle lengths frequently observed in ventricular tachyarrhythmias, they may not have a high level of clinical efficacy. However, by decreasing the diastolic window, these agents may inhibit a premature ventricular complex from triggering reentry. In addition, pure class III agents may create bidirectional block by rendering a critical limb of the reentrant circuit refractory and thus decreasing the possibility that reentry would start or become sustained. Such a hypothesis is supported by our finding that prolongation of refractoriness by sematilide was the only examined clinical or electrophysiologic variable associated with the suppression of inducible sustained ventricular tachycardia. Nevertheless, although our data indicate that sematilide demonstrated reverse frequency dependence, it may still exert discernible effects during short cycle lengths. For example, even at the short ventricular pacing cycle length of 300 ms, there was a trend for sematilide to prolong the APD compared with baseline (6.2% increase; P=.06) and the ventricular effective refractory period was significantly increased (6.6%, P=.008). In addition, it is also possible that the specific electrophysiologic effects of the drug on the diseased tissue of the reentrant circuit may be somewhat different than those measured in more normal myocardial tissue. Whether different potassium blockers might exert different electrophysiologic actions on diseased tissues is unknown. Sematilide exerted only a modest effect on premature ventricular complex suppression, which was not related to suppression of inducible ventricular tachycardia. Thus, it is unlikely that premature ventricular complex suppression would play an important role in the antiarrhythmic effects of this agent.
Sematilide prevented inducible sustained ventricular tachycardia and/or ventricular fibrillation (complete responders) in 26% of patients exposed to sematilide (28% of patients undergoing electrophysiologic study on sematilide), and this is comparable to that reported in a recent review of the literature for quinidine (mean ± SD, 22±9%) as well as for procainamide (23+±9%). The small numbers of patients discharged on sematilide therapy do not permit drawing definitive conclusions regarding the drug's long-term antiarrhythmic efficacy. This will require a larger study. However, two of the discharged patients (25%) developed sudden cardiac death, and another had recurrent sustained ventricular tachycardia (12.5%). The reasons for the seemingly high arrhythmia recurrence are not clear. However, one patient with acute congestive heart failure may have manifested proarrhythmia; he had frequent runs of nonsustained ventricular tachycardia recorded 2 days before his death. Whether a run of rapid ventricular tachycardia may have resulted in significant attenuation of sematilide-induced prolongation of refractoriness (secondary to the reverse frequency-dependent effects of sematilide on repolarization), with a resulting sustained ventricular arrhythmia, is speculative. It is also possible that autonomic factors may have played a role in these patients' arrhythmia recurrence. Recent studies have shown significant attenuation of quinidine-53-55 or amiodarone-55'56 induced prolongation of refractoriness during either isoproterenol or epinephrine administration. A preliminary study has also shown marked reduction of sematilide-induced prolongation of the ventricular effective refractory period and APD90 during isoproterenol administration.56 Indeed, two of the three arrhythmic events occurred while the patients were presumably in a high catecholaminergic state (vigorous exercise or marked congestive heart failure). Thus, it is possible that increased sympathetic tone resulted in an attenuation of sematilide-induced prolongation of repolarization and arrhythmia recurrence.
Although sematilide was generally well tolerated during the in-hospital phase of this study, one patient manifested pause-dependent runs of nonsustained ventricular tachycardia in the setting of QT prolongation. Such an effect is consistent with the electrophysiologic actions of the drug, because all class III agents may cause torsade de pointes, presumably by provoking early afterdepolarizations due to triggered activity.57-61 Afterdepolarizations have been demonstrated after sematilide administration in both canine cardiac Purkinje fibers58 and rabbit ventricular myocardium.57 Sotalol causes torsade de pointes in approximately 5% of patients,62 whereas the incidence with amiodarone has been low.63 The precise mechanisms for these differences is not understood. As illustrated by our patient, pause-dependent nonsustained ventricular tachycardia and torsade de pointes represent an inevitable adverse reaction in a proportion of patients given class III agents and may develop in patients who respond acutely to the drug. Two patients developed gastrointestinal or neurological symptoms on higher doses of sematilide after having tolerated lower doses. Two of the three patients in whom sematilide was tried at 200 mg every 8 hours had to have the therapy discontinued secondary to symptoms or excessive QT prolongation. Despite the fact that 11 patients had a left ventricular ejection fraction of 0.30 or less, no patient developed worsening congestive heart failure or new congestive heart failure after having been started on sematilide. In this respect, it is pertinent to note that the increase in APD in animal studies using the class III agents sotalol and amiodarone was associated with an increase in contractile force. 40, 64, 65 Study Limitations This investigation had the following limitations. (1) It was not possible to assess the effects of ventricular paced cycle lengths of less than 300 ms because of hemodynamic instability or of more than 600 ms because of atrial interference. (2) QRS duration was used as a measure of overall ventricular conduction velocity, but this may not be as accurate as directly measuring conduction velocity. However, determination of the frequency-dependent conduction slowing using the QRS duration has been shown to highly correlate in vivo 
Conclusions
This study demonstrates that isolated selective action potential prolongation is an effective mechanism to prevent the induction of sustained ventricular arrhythmias during electrophysiologic testing in humans. Sematilide HCl is a selective class III agent that manifests reverse frequency-dependent effects on the APD and ventricular refractoriness, does not appear to have sodium channel-blocking activity, and was symptomatically well tolerated. The 4% incidence of new pausedependent nonsustained ventricular tachycardia and the occurrence of one possible proarrhythmia-related death are of concern. Larger studies are warranted to determine sematilide's long-term clinical efficacy and incidence of proarrhythmia in the treatment of patients with ventricular arrhythmias.
